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or anyone who has ever been on the sidelines during a discussion of congenital heart defects or had a few minutes to browse through Bharati and Lev's 2-volume tome on heart malformations, 1 the complexity of cardiovascular development that underlies this pathology is painfully obvious. Our understanding of heart development in particular has lagged behind that of other more tidily developing organs that have the leisure of putting themselves together before they have to do anything. Perhaps it is for these reasons that the molecular age has come to heart development a bit slower and more painstakingly than to other systems.
The initial foray into heart development at the molecular level came from cell biologists, who had developed sophisticated reagents to study skeletal muscle contractile proteins and looked to the myocardium as another striated muscle. Gonzalez-Sanchez and Bader 2 developed the first antibodies that detected differences in myosin heavy chains in the developing chick heart. One antibody, MF20, is now used as a pan-myocardial marker in chick, and another was the first to specifically recognize only atrial myosin heavy chains. The same group quickly identified another myosin heavy chain that characterized the embryonic conduction system. 3 This confirmed conventional wisdom from morphologists, who saw 3 types of myocardia: atrial, ventricular, and conduction (Purkinje). It additionally showed that differential expression of contractile protein isoforms occurred relatively early in development, well before the morphologists could see any differences. The regions of differential expression seemed rather flexible at first and could be altered epigenetically by agents like retinoic acid. 4 It was also recognized that the outflow myocardium maintained expression of ␣ smooth muscle actin long after the rest of the myocardium stopped synthesizing it in chick. 5 But myocardial differences are not limited to contractile protein expression. The outflow and atrioventricular myocardium were known to have the ability to induce epithelial-tomesenchymal transformation of the endocardium to form cushion mesenchyme in both chick and mouse, 6, 7 whereas the other regions of the myocardium lack this capacity, additionally supporting the idea that the myocardium of the heart tube is not homogeneous but is partitioned into segments. Thus, by about the mid 1990s, the data were in place to make the general observation that the myocardium of the primary heart tube was segmented. The segments were defined as inflow tract, embryonic atria, atrioventricular canal, embryonic ventricle, and outflow tract. The discovery that e-HAND and d-HAND expression were restricted to the left and right ventricular primordia in mouse 8 enhanced the impression that genes expressed early in myocardial development might have some predictive value. I could go on with examples to avoid slighting hundreds of excellent studies on this subject, but you have the general idea. Although it is out-of-date only 2 years after being published, a 1998 review by Franco et al 9 lists 51 differentially expressed genes in the developing myocardium at 4 generally recognized stages of heart development: precardiac mesoderm, primary tube stage, looped or segmented stage, and fetal or septated stage. Although the genes on this list span the gamut of functions in the myocardium, they are certainly not exhaustive.
To assist in its complicated twisting and repositioning of segments, the primary heart tube must carry distinct axial information so that connections can be established properly with the independently developing vasculature of the rest of the body. For example, any misstep in interpreting left-right axial information can lead to mild congenital variants, such as persistent left superior vena cava, moderate defects, such as partial or total anomalous return of the great veins to the atria, or severely abnormal sequences of congenital malformations, such as atriovisceral heterotaxy.
Although we understand little about the left-right axis in the heart, it played a prominent role in the early studies of left-right axis determinants, because by looping to the right, the heart is the first organ to break the bilateral symmetry of early development. Thus, the end point of many left-right studies from zebrafish, frog, chick, and mouse has been left, right, or ambiguous heart loops. Most of the genes that we now recognize as left-right axis genes are actually expressed on the left. Nodal, lefty, and Pitx2 10 -14 are genes that are induced in the left lateral plate mesoderm. Both nodal and lefty can induce the expression of Pitx2, which seems to act as one of the executors of left-right patterning. 15 Mouse embryos that are homozygous for a null allele of Pitx2 have a single atrium among other defects. 16 -18 In an attempt to understand how gene expression is related functionally to cardiac morphogenesis and particularly to development of the conduction system, a group based in Amsterdam and led by Antoon Moorman 19 has been very active in defining different myocardial expression domains. In their most recent study, published in this issue of Circulation Research, Franco et al 20 propose that there are at least 4 different transcriptional domains in the inflow and atrial compartments of the looped heart tube. The 4 compartments are delimited using the expression patterns of atrial natriuretic factor, myosin light chain 2V, and Pitx2, combined with data from transgenic mouse lines expressing lacZ under the control of regulatory sequences of a mouse myosin light chain (1F/3F). Because of the involvement of Pitx2, which is expressed in the left heart field, the compartments are parceled into left and right. The 4 domains they propose are atrioventricular canal myocardium, which will be incorporated into the base of the fetal atria; the atrial appendages, which are formed from the embryonic atria; the myocardium around the caval veins, which is continuous with the left and right venous valve leaflets in the wall of the right atrium; and myocardium associated with the pulmonary vein, which includes the primary and secondary atrial septa (see Figure 8 of Franco et al 20 ) .
How is this new cataloging of expression domains, which is admittedly phenomenological, helpful in understanding the development of the heart? Kelly et al 21 refer to the expression domains in the myocardium as cardiosensors, which they believe can be used in the analysis of both normal and abnormal heart development. In support of this idea, the Holt-Oram syndrome, which is characterized by a secundumtype atrial septal defect (involving the ostium secundum in the primary atrial septum) and ventricular septal defect combined with anomalies of the upper limb, is associated with mutations in Tbx5. 22, 23 TBX5 protein distribution is consistent with anatomic distribution of human Holt-Oram syndrome cardiac defects in that atrial TBX5 expression is greater than ventricular expression bilaterally. 24, 25 We also know that TBX5 can affect myocardial development, because retinoic acid treatment of chick embryos causes altered TBX5 expression along with changes of the embryonic ventricular myocardium consistent with atrialization. 26 However, the expression domain-developmental defect correlation is lost at this point, because we do not understand the significance of graded TBX5 expression within the myocardium of the left-sided chambers with the most prominent expression in subepicardial myocytes. 25 Certainly, one of the most important observations in the study by Franco et al 20 is differential gene expression in the systemic and pulmonary connections to the right and left atrial walls. This is not the first study to show differential gene expression in the atria. Wessels et al 27 found the expression of creatine kinase B to be consistently higher in the left atrial myocardium than in the right, with a sharp boundary between high and low expression located between the primary septum and left venous valve leaflet in the developing human heart, reminiscent of the expression of Pitx2. 18, 20 The site of pulmonary vein formation is still a subject of controversy, but these data suggest that it shares its origin with that of the atrial septum, and because of the expression of Pitx2 in this domain, both are initially left-sided structures. Atrial septal defects usually accompany partial anomalous pulmonary venous connection, and total anomalous pulmonary venous connection with right atrial isomerization (both atria appear to be right-sided) occurs with particularly high frequency in asplenia. 28 However, the fact that only 9% of patients with atrial septal defect have partial anomalous pulmonary venous connection 29 suggests that the story of expression domains is really more complicated than the present proposal by Franco et al 20 or that expression domains do not explain these defects.
So far, despite the thousands of research hours spent mapping gene expression in the developing heart, most of the linkages of genes with congenital heart defects have been first identified in children with cardiac disease, with subsequent description of the developmental expression pattern of the mutant gene. Where does this leave us? What can we learn from expression domains in the heart other than how complex heart development really is? Are these domains meaningful functional domains that indicate cell lineage? It is still too early to know for sure, because the data do not entirely support a connection between myocardial compartments on the basis of gene expression and either subsequent normal development or production of specific malformations. My guess is that we still lack some of the key pieces of information, but that still does not lessen the potential power of the observations by Franco et al, 20 because, after all, it is only possible to tackle big problems one step at a time.
